A periodically-poled MgO-doped stoichiometric lithium tantalate crystal is applied for single-pass, 67% peak-power efficient, 7.05 W average power second-harmonic generation of a single-mode Yb-doped all-fiber fundamental source. Reduced photorefraction and green-induced infrared absorption of the material allowed to maintain a low M 2 value of the high-average-power 532 nm beam. © 2004 American Institute of Physics. [DOI: 10.1063/1.1806538] Development of stoichiometric LiTaO 3 ͑sLT͒ currently is initiating renaissance in the use of periodically poled materials for nonlinear frequency upconversion of quasicontinuous-wave (cw) and cw laser sources. Reduction of Fe and Cr impurity centers and Li deficiency in the sLT suppresses the charge transport and polariton interactions which are responsible for photorefractive damage and visibleinduced infrared absorption.
(FWHM) temperature phase matching width of 2.0°C. Due to the convenience of temperature range operation, the period with 7.93 m poling with quasi-phase matching at 69°C was used throughout this work. The other periods showed similar performance.
A single-mode Yb fiber laser was set up in a masteroscillator-power-fiber amplifier configuration similar to that described elsewhere. 8 The seed pulse duration at 1064.0 nm could be varied from 0.4 to 2 ns, with repetition rates from 1 to 50 MHz. A 12 m core, single-mode Yb-doped fiber amplifier with a length of 1.5 m was assembled and used to amplify the signal to over 12 W average power. 15% of the power at the maximum output was outside of the 0.16 nm quasi-phase-matching bandwidth of the sPPLT and, hereafter, the fundamental power values refer to the power within the 0.16 nm bandwidth. To suppress the onset of nonlinearity, the duty factor (pulse period to pulse duration ratio) was maintained at about 120 and the peak power of the source was kept under 2 kW. The fundamental single-mode beam was collimated by using an AR coated bulk lens and focused in the sPPLT. After passing through the crystal, the M 2 value of the fundamental of 1.67 was measured with the Beam Map profiler.
Configurations with confocal focusing and focal spot sizes of 58, 65, and 80 m (FWHM) were arranged for evaluation of high-power SHG in sPPLT. These corresponded to confocal lengths of 14, 18 and 27 mm (in air), respectively. For each of the focusing conditions, we varied the duty factor D of the fundamental so that the peak power density at 1064 nm would remain the same while average power densities of the fundamental varied within 0.36 to 1.02 GW/ m 2 range. As can be seen in Fig. 1 , second harmonic (SH) efficiency close to 50% was maintained for all the focusing conditions up to 80 GW/ m 2 peak power density (0.66 GW/ m 2 average) in MgO sPPLT. This result indicates that the light-induced charge transport associated with impurities, that takes place at cw power densities of ഛ10 4 W/m 2 in cLT, appears to be well suppressed in the MgO sPPLT. 9 By employing tighter focusing, using the 58 and 65 m diameter focused fundamental beams, the increase of the peak power density above 100 GW/ m 2 leads to a distortion of the SH beam and rolloff of the SH conversion efficiency. In congruent LT, such peak power densities correspond to the onset of the green-induced infrared absorption (GRIIA), 3, 9 although other mechanisms such as two-photon-absorption 10 and photorefraction also may be present in the conditions of high-average-power SHG. The relative contributions of these effects need to be studied separately by assessing the temporal response of the absorption and thermally and photoinduced refractive index change. Consequent deterioration of the M 2 value of the SH beam quality at these power densities in our sample of stoichiometric PPLT was recorded [ Fig.  1(b) ].
In the optimal high-power SHG configuration, reduction of the peak power density to 93 GW/ m 2 was achieved by using the larger 80 m focusing waist at 12.3 W fundamental average power (10.5 W within the 0.16 nm bandwidth) with 2.1 ns pulses at 3.6 MHz repetition rate. As a result, 7.05 W at 532 nm was generated with 67% peak power and 57% average-power SHG efficiency [ Fig. 2(a) ]. In this relaxed focusing condition, a much more modest increase of the M 2 of the SHG beam from 1.24 at 3.8 W SHG power to 1.6 at 7.05 W SHG power was recorded [ Fig. 2(b) ]. The beam quality M 2 of the fundamental measured in the same configuration at 10 W average power was ϳ2.1. A very negligible thermal load in the crystal was recorded with the temperature shift of quasi-phase matching of 0.3°at the maximum SH power level of 7.05 W.
The SH conversion efficiency in a plane-wave approximation and with pump depletion is
where P is pump peak power and L nl is nonlinear length defined as 11
Here, I͑P ͒is the pump power density. To estimate the effective nonlinearity of the sPPLT, we assumed a Gaussian radial beam distribution of the fundamental with the beam radius w 0 so that
͑3͒
In this case, the conversion efficiency can be estimated as
This approach does not account for the beam divergence and, therefore, can give an inflated value of the conversion efficiency for tightly focused beams or those with M 2 Ͼ 1. In our case, the M 2 Ͻ 2. By using Eq. (4), for 67% peak power SH conversion efficiency with 80 m waist in 15 mm long MgO sPPLT, we arrive at the effective nonlinearity value estimate d eff = 5.9 pm/ V.
We expect that a further increase of the average power can be achieved in a similar reduced peak power density configuration providing a higher-average-power budget is available from the Yb fiber fundamental source. This increase should also be possible because of the negligible GRIIA and two-photon absorption contribution and corresponding very low thermal load (0.3°) in MgO sPPLT at 7.05 W green power level. We are currently investigating power scalability of SHG in MgO sPPLT to 10 to 15 W levels.
In conclusion, we reported the results of application of a periodically poled MgO-doped sPPLT for as high as 7.05 W average-power SHG around 530 nm. The reduced photorefraction and green-induced infrared absorption of the MgO sPPLT allow one to maintain a high-beam quality of the high-average-power green and also indicate a possibility of further scalability of power. 
